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The E a r t h ' s  Magne t i c  T a i l  

1 . O  I n t r o d u c t i o n  

D e t a i l e d  measurements  o f  t h e  E a r t h ' s  m a g n e t i c  f i e l d  a t  

g e o c e n t r i c  d i s t a n c e s  u p  t o  3 1 , 4  R ( E a r t h  R a d i i )  have  been  

p e r f o r m e d  on t h e  n i g h t t i m e  s i d e  o f  t h e  e a r t h  by t h e  IMP-1 

s a t e l l i t e  ( E x p l o r e r  X V I I I )  The m o s t  s i g n i f i c a n t  r e s u l t s  

o f  t h e s e  measu remen t s  r e v e a l  t h e  f o r m a t i o n  o f  an e x t e n d e d  

m a g n e t i c  t a i l  b e h i n d  t h e  e a r t h  c a u s e d  by t h e  i n t e r a c t i o n  o f  

t h e  so la r  wind w i t h  t h e  geomagne t i c  f i e l d ,  A m a g n e t i c a l l y  

n e u t r a l  s h e e t  h a s  been  d i s c o v e r e d  s e p a r a t i n g  r e g i o n s  of 

o p p o s i t e l y  d i r e c t e d  m a g n e t i c  f i e l d s  i n  t h e  m a g n e t i c  t a i l .  

The d i r e c t  r e l a t i o n s h i p  o f  t h e s e  r e s u l t s  t o  o t h e r  s a t e l l i t e  

measu remen t s  and  r e l a t e d  t e r r e s t r i a l  phenomena is s t r o n g l y  

s u g g e s t e d ,  An expanded r e p o r t  on  t h e s e  e x p e r i m e n t a l  r e s u l t s  

a n d  p r e s e n t a t i o n  o f  t h e  s u b s t a n t i a t i n g  d a t a  w i l l  be p r e s e n t e d  

i n  a s e p a r a t e  p u b l i c a t i o n  i n  t h e  n e a r  f u t u r e .  

e 

The m a g n e t i c  f i e l d  e x p e r i m e n t  i n s t r u m e n t e d  for t h e  IMP-1 

s a t e l l i t e  h a s  a l r e a d y  been  d i s c u s s e d  i n  a p r e v i o u s  p u b l i c a t i o n  

( N e s s  e t .  a l . ,  1964) which s h o u l d  be c o n s u l t e d  for a de t a i l ed  

d e s c r i p t i o n  of t h e  e x p e r i m e n t  a n d  t h e  i n i t i a l  r e s u l t s .  T h i s  

p a p e r  b r i e f l y  d i s c u s s e s  t h e  r e s u l t s  o b t a i n e d  f rom c o n t i n u e d  

o p e r a t i o n  of t h e  s a t e l l i t e  f o r  o r b i t s  20 t h r o u g h  4 8 ,  

c o r r e s p o n d i n g  t o  t h e  t i m e  i n t e r v a l  Feb .  9 t o  May 30, 1964 .  

S u c c e s s f u l  o p e r a t i o n  of t h e  s a t e l l i t e  f rom November 27,  1963  

A 
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t o  May 3 0 3  1964 w a s  t e r m i n a t e d  due  t o  l a c k  of a d e q u a t e  

power f r o m  t h e  so l a r  p a d d l e  s y s t e m .  U n t i l  November 1 2 ,  

1964 t h e  s a t e l l i t e  r e p e t i t i v e l y  c y c l e d  i n  a n  u n d e r  v o l t a g e  

mode u n t i l  t h e  so la r  a s p e c t  a n g l e  changed  t o  a more 

f a v c r a b l e  v a l u e  w i t h  respei .  t t o  power o u t p u t  From November 

1 2  t o  December 18: 1964 t h e  s a t e l l i t e  h a s  been s u c c e s s f u l l y  

t r a n s m i t t i n g  b o t h  Rubidium v a p o r  and  f l u x g a t e  magnetometer  

d a t a ,  However, t h e s e  m o s t  r e c e n t  d a t a  are  n o t  i n c l u d e d  i n  

t h i s  p a p e r .  

C e r t a i n  a s p e c t s  of t h e  s a t e l l i t e  o r b i t  are  i m p o r t a n t  i n  

t h e  u n d e r s t a n d i n g  of t h e  r e g i o n  of s p a c e  mapped o u t  d u r i n g  

t h e  f i r s t  s i x  months of o p e r a t i o n  of IMP-l0 The o r b i t  is 

h i g h l y  e l l i p t i c a l  w i t h  an  apogee  of a p p r o x i m a t e l y  3 1 . 4  Re 

and  an  o r b i t a l  p e r i o d  of 93.5 h r s .  The i n i t i a l  apogee  w a s  

25O west of t h e  sun  and  due  t o  t h e  h e l i o c e n t r i c  mot ion  of t h e  

E a r t h  ? r e c e s s e d  a p p r o x i m a t e l y  4 / o r b i t  w e s t  of t h e  s u n .  T h u s ,  

on May 2 ,  1 9 6 4 ,  apogee  -vas a p p r o x i m a t e l y  on t h e  e a r t h - s u n  

l i n e  or, t h e  n i g h t t i m e  s i d e  of t h e  e a r t h .  However,  t h e  

s a t e l l i t e  moves i n  an i n e r t i a l  c o o r d i n a t e  s y s t e m  so t h a t  t h e  

r e l a t i v e  o r i e n t a t i o n  of t h e  s a t e l l i t e  o r b i t  t o  t h e  e c l i p t i c  

p l a n e  r ema ins  a p p r o x i m a t e l y  t h e  s a m e .  S i n c e  t h e  apogee  l i e s  

s l i g h t l y  below t h e  p l a n e  of t h e  e c l i p t i c ,  t r a v e r s a l s  of t h e  

magne tosphe re  boundary  and  t h e  c o l l  i s i o n l e s s  magnetohydrodynamic 

s h o c k  wave e n c l o s i n g  t h e  magne tosphe re  a l l  o c c u r  a t  l o w  

Solar e c l i p t i c  l a t i t u d e s .  Outbound t r a v e i - s a l s  are below t h e  

e c l i p t i c  p l a n e  by 5-6 Re and  inbound  t r a v e r s a l s  

2-3 R e .  

0 
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The E a r t h ' s  Magne t i c  T a i l  - 

Norman F .  N e s s  

NASA-Goddard Space  F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland  

Abstract :  E x t e n s i v e  measurements  o f  t h e  m a g n e t i c  f i e l d  of 

t h e  E a r t h  a t  d i s t a n c e s  greater  t h a n  a p p r o x i m a t e l y  7 R 

( E a r t h  R a d i i )  h a v e  been pe r fo rmed  by  t h e  IMP-1 s a t e l l i t e .  
e 

T h e s e  m a g n e t i c  f i e l d  measurements  commenced on November 27 ,  

1963  and  t e r m i n a t e d  on May 30, 1 9 6 4 .  D u r i n g  t h i s  s i x  month 

i n t e r v a l  t h e  apogee-Ear th-Sun a n g l e  i n  so la r  e c l i p t i c  

c o o r d i n a t e s  d e c r e a s e d  from 336O t o  1 5 6 O .  The apogee  of 

t h e  s a t e l l i t e  w a s  31.7 R a n d  t h e  r a n g e  of t h e  magne tomete r s  

be tween 0.25 t o  300 g a m m a s .  P r e v i o u s  r e s u l t s  of t h e  m a g n e t i c  

f i e l d  mapping o f  t h e  magne tosphe re  boundary  on t h e  s u n l i t  

h e m i s p h e r e  h a v e  been  r e p o r t e d  ( J G R ,  69 ,3531-3569,  1 9 6 4 ) .  

e 

T h i s  p a p e r  is c o n c e r n e d  p r i n c i p a l l y  w i t h  t h e  t o p o l o g y  o f  

t h e  m a g n e t i c  f i e l d  w i t h i n  t h e  m a g n e t o s p h e r e ,  and  t h e  p o s i t i o n  

of b o t h  i ts b o u n d a r y  a n d  t h e  d e t a c h e d  c o l l i s i o n l e s s  bow s h o c k  

wave. The g e o m a g n e t i c  f i e l d  is o b s e r v e d  t o  t r a i l  o u t  f a r  

b e h i n d  t h e  e a r t h  i n  t h e  an t i -SQlar  d i r e c t i o n ,  t h u s  f o r m i n g  a 

- m a g n e t i c  t a i l .  M a g n e t i c  f i e l d  s t r e n g t h s  o f  a p p r o x i m a t e l y  10 

t o  30 gammas are  o b s e r v e d  o u t  t o  s a t e l l i t e  apogee .  The 

d i a m e t e r  of  t h e  magne tosphe re  a t  a d i s t a n c e  of 30 R b e h i n d  e 
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t h e  E a r t h  is r o m d  t o  be a p p r o x i m a t e l y  40 R . The d i r e c t i o n  

o f  t h e  f i e l d  is p a r a l l e l  t o  t h e  e a r t h - s u n  l i n e  a n d  i n  t h e  

a n t i - s o l a r  d i r e c t i o n  below t h e  so la r  m a g n e t o s p h e r i c  e q u a t o r i a l  

p l a n e  and  i n  t h e  so la r  d i r e c t i o n  above  t h i s  p l a n e .  A n e u t r a l  

s u r f a c e  s e p a r a t i n g  a n t i s o l a r  d i r e c t e d  f i e l d s  i n  t h e  s o u t h e r n  

hemisphe re  f rom so lar  d i r e c t e d  f i e l d s  i n  t h e  n o r t h e r n  

hemisphe re  h a s  been  d e t e c t e d  o v e r  a l a r g e  e x t e n t  i n  area.  

T h i s  e x p e r i m e n t a l  d i s c o v e r y  may p e r m i t  t h e  deve lopmen t  of 

q u a n t i t a t i v e  t h e o r i e s  e x p l a i n i n g  t h e  a u r o r a ,  g e g e n s c h e i n ,  

d a y - n i g h t  asymmetry and  f o r m a t i o n  o f  t h e  r a d i a t i o n  b e l t s .  On 

t h e  bas i s  of a p r e l i m i n a r y  r e v i e w  o f  t h e  da t a  it a p p e a r s  t h a t  

e 

t h e  geomagne t i c  f i e l d  t r a i l s  o u t  f a r  b e h i n d  t h e  E a r t h .  

f o l l o w i n g  t h e  f l o w  f i e l d  o f  t h e  solar p lasma  t o  a d i s t a n c e  f a r  

b e h i n d  t h e  o r b i t  o f  t h e  moon. N o  t e r m i n a t i o n  of t h e  m a g n e t i c  

t a i l  i s  de tec ted  or s u g g e s t e d  b y  t h e  data .  Thus  t h e  E a r t h  

may be compared t o  t h e  n u c l e u s  o f  a comet, w i t h  t h e  r a d i a t i o n  

b e l t s  and c o - r o t a t i n g  m a g n e t o s p h e r e  be ing  t h e  coma a n d  t h e  

m a g n e t i c  t a i l  b e i n g  t h e  c o m e t a r y  t a i l .  
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2 .  - O b s e r v a t i o n s  o f  t h e  M a g n e t o s p h e r i c  Boundary and t h e  

C o l l i s i o n l e s s  - MHD Shock Wave - 

The i n t e r a c t i o n  of t h e  solar wind w i t h  t h e  e a r t h ' s  

m a g n e t i c  f i e l d  compresses  and  c o n f i n e s  t h e  g e o m a g n e t i c  f i e l d  

t o  a r e g i o n  o f  s p a c e  r e f e r r e d  t o  as t h e  m a g n e t o s p h e r e ,  The 

e x i s t e n c e  of ail i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  ( N e s s  and  

Wilcox, 1964) i n  t h e  i m p a c t i n g  solar. p lasma leads t o  t h e  

deve lopmen t  of a d e t a c h e d  c o l l i s i o n l e s s  magnetohydrodynamic 

bow s h o c k  wave. The r e a d e r  i s  r e f e r r e d  t o  t h e  p u b l i c a t i o n s  

b y  N e s s  e t ,  a l .  (1964) and  B r i d g e  e t .  a l .  (1964) for a 

d i s c u s s i o n  of t h e  o b s e r v e d  phys ica l  c h a r a c t e r i s t i c s  o f  t h e s e  

b o u n d a r i e s  as o b s e r v e d  from o r b i t s  1 t h r o u g h  19 of t h e  IMP-1 

s a t e l l i t e .  F i g u r e  1 summarizes  b o t h  t h e s e  p r e v i o u s  measure-  

men t s  and s u p p l e m e n t s  them w i t h  d a t a  o b t a i n e d  t h r o u g h o u t  t h e  

r e m a i n d e r  of t h e  IMP-1 i n i t i a l  s i x  month l i f e t i m e .  Supe r -  

imposed on t h e  d i a g r a m  are t h e  t h e o r e t i c a l  r e s u l t s  computed 

b y  S P r e i t e r  and  J o n e s  (1962) assuming an  a n a l o g y  w i t h  t h e  

s u p e r s o n i c  impac t  of a con t inuum f l u i d  b u t  m o d i f i e d  t o  y i e l d  

a s t a n d o f f  d i s t a n c e  e q u a l  t o  t h a t  o b s e r v e d .  The e x c e l l e n t  

compar i son  of t h e  p o s i t i o n  and s h a p e  of t h e  s h o c k  on t h e  

s u n l i t  h e m i s p h e r e  have  been d i s c u s s e d  p r e v i o u s l y .  Q u a n t i t a t i v e l y ,  

t h e  p o s i t i o n s  of t h e  boundary  on t h e  n i g h t  side of t h e  e a r t h  

do n o t  agree w i t h  t h e  t h e o r e t i c a l  c o m p u t a t i o n s .  However,  

i t  is s e e n  t h a t  t h e  m a g n e t o s p h e r i c  b o u n d a r y ,  t h e  magne topause ,  

d o e s  n o t  f l a r e  o u t  b e h i n d  t h e  e a r t h  a t  a l a r g e  a n g l e .  R a t h e r  
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it  a p p e a r s  t o  a p p r o a c h  a s y m p t o t i c a l l y  a boundary  w i t h  

a r a d i u s  o f  a p p r o x i m a t e l y  20 Re.  The IMP-1 measuremen t s  

w e r e  pe r fo rmed  near t h e  s u n  rise t e r m i n a t o r  a n d  t h e y  are 

i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  p r e v i o u s  r e s u l t s  o b t a i n e d  

by  t h e  E x p l o r e r  X s a t e l l i t e  (Heppner  e t .  a l . ,  1963)  when 

n e a r  t h e  s u n s e t  t e rmina to r .  F i g u r e  1 i n c l u d e s  t h e  t race  of 

t h a t  p o r t i o n  o f  t h e  E x p l o r e r  X t r a j e c t o r y  o v e r  which magneto- 

p a u s e  o b s e r v a t i o n s  were made, as  ro t a t ed  a b o u t  t h e  e a r t h - s u n  

l i n e .  

The mapping o f  t h e  s h o c k  wave boundary  as d e t e r m i n e d  

o n l y  by t h e  m a g n e t i c  f i e l d  data  a p p a r e n t l y  t e r m i n a t e d  

f o l l o w i n g  o r b i t  number 21 .  Unique i d e n t i f i c a t i o n  of  a n y  

o b s e r v a t i o n s  of t h e  i n t e r p l a n e t a r y  medium f o r  o r b i t s  22 

t h r o u g h  31 w i l l  r e q u i r e  a more de ta i led  c o r r e l a t i o n  o f  t h e  

p l a sma  a n d  m a g n e t i c  f i e l d  da ta  t h a n  is p o s s i b l e  a t  t h i s  t i m e .  

I n  a d d i t i o n  t h e  f a c t  t h a t  t h e  so l a r  p l a sma  f l o w  r e s u m e s  a 

s u p e r s o n i c  and  s t e a d y  f l o w  c o n d i t i o n  on  t h e  f l a n k s  of t h e  

magne tosphe re  may f u r t h e r  r es t r ic t  a n y  i d e n t i f i c a t i o n  o f  

t h e  c o l l i s i o n l e s s  s h o c k  wave b o u n d a r y  f o r  t h e s e  l a t e r  o r b i t s .  

A t r a n s i t i o n  f rom s u b s o n i c  p l a sma  f l o w  n e a r  t h e  s t a g n a t i o n  

p o i n t  to  s u p e r s o n i c  p l a sma  f l o w  downst ream o c c u r s  a n d  w a s  f i r s t  

o b s e r v e d  i n  t h e  E x p l o r e r  X p l a sma  r e s u l t s  of B o n e t t i  e t .  a l .  

(1963)  as s u g g e s t e d  by t h e  i n t e r p r e t a t i o n  d e v e l o p e d  

by  K e l l o g g  (1962) 
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With t h e  d e t a i l e d  mapping of  t h e  m a g n e t o s p h e r i c  

boundary  a r o u n d  t o  t h e  n i g h t t i m e  side of t h e  E a r t h ,  i t  

is now p o s s i b l e  t o  i n v e s t i g a t e  f u r t h e r  t h e  compar i son  of 

c l a s s i ca l  h y p e r s o n i c  f l o w  t h e o r y  a r o u n d  a b l u n t  o b j e c t  

w i t h  t h e  o b s e r v a t i o n s  of  t h e  solar p l a sma  f l o w  a r o u n d  t h e  

E a r t h ' s  m a g n e t i c  f i e l d .  I n d e e d ,  t h e  s i t u a t i o n  is s u c h  t h a t  

t h e  u s e  of  a b l u n t  body s u c h  a s  employed by S p r e i t e r  a n d  

J o n e s  (1962) and  D r y e r  and  F a y e - P e t e r s o n  (1964) may be 

a n  u n n e c e s s a r y  r e f i n e m e n t ,  a t  l e a s t  f o r  s h o c k  wave p o s i t i o n s  

on  t h e  s u n l i g h t  s i d e  of t h e  E a r t h  when u s i n g  a g a s  dynamic a n a l o g y -  

T h e r e  is no  a p r i o r i  reason why t h e  c e n t e r  o f  t h e  E a r t h  

s h o u l d  be u s e d  t o  d e t e r m i n e  a r a d i u s  of c u r v a t u r e  o f  t h e  

m a g n e t o s p h e r i c  boundary  n e a r  t h e  s t a g n a t i o n  p o i n t .  T h u s ?  

a s p h e r i c a l  s u r f a c e  h a s  been  f i t t e d  by l e a s t  s q u a r e s  t o  

t h e  o b s e r v e d  m a g n e t o s p h e r i c  boundary  c r o s s i n g s  a t  s o l a r  

e c l i p t i c  l o n g i t u d e s  b e t w e e n  270' t o  360°. 

t o  a p o r t i o n  of t h e  s u n l i t  hemisphe re  of  t h e  E a r t h .  In 

a d d i t i o n  t h e  cen te r  of t h e  s p h e r e  h a s  been  assumed t o  l i e  

on t h e  E a r t h  Sun l i n e  a t  X = Xc (Ye - Z c  =O). 

d i s c r e p a n c y  be tween t h e  o b s e r v e d  r a d i a l  d i s t a n c e  t o  t h e  

b o u n d a r y  h a s  been  min imized  as shown below. 

T h i s  c o r r e s p o n d s  

The - 
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Where Rc  = r a d i u s  of s p h e r e  c e n t e r e d  a t  (Xc ,  0 ,  0) 

= 4 ( X i  - X C l 2  + Yi2 2 
Ri  + z i  
N = t o t a l  number o f  boundary  c r o s s i n g s  (=33) 

t h  and  i is t h e  i-- o b s e r v a t i o n  of t h e  m a g n e t o s p h e r i c  boundary  

The r e s u l t  o f  t h e s e  c o m p u t a t i o n s  y i e l d e d  a s p h e r e  w i t h  a 

r a d i u s  Rc = 13.9 R c e n t e r e d  a t  X = -3.5 Re. The r m s  

d e v i a t i o n  is 1,l Re wh ich  i n d i c a t e s  a n  e x c e l l e n t  f i t  i n  

v i e w  of t h e  v a r i a b i l i t y  of t h e  so l a r  p l a sma  f l o w ,  X S s  a n d  

a s s o c i a t e d  v a r i a t i o n s  i n  t h e  p o s i t i o n  of t h e  m a g n e t o s p h e r i c  

boundary .  The observed d i s t a n c e  t o  t h e  s h o c k  wave a t  t h e  

s t a g n a t i o n  p o i n t ,  w i t h  r e s p e c t  t o  t h e  c e n t e r  of t h e  s p h e r e  

r e p r e s e n t i n g  t h e  m a g n e t o s p h e r e  boundary ,  is Rs -= 17.4 Re. 

The s t a n d o f f  r a t i o ( =  Rs./Rc) is t h u s  d e t e r m i n e d  t o  be 1 . 2 5  

and  is i n  r e m a r k a b l y  good a g r e e m e n t  f o r  t h e  t h e o r e t i c a l  

s p h e r e  computed b y  H i d a  (1953) a n d  o t h e r s  i n  a n  h y p e r s o n i c  

f l o w  a t  Mach numbers  of a p p r o x i m a t e l y  4 t o  6. I t  is s u g g e s t e d ,  

t h e r e f o r e ,  t h a t  i n  f u t u r e  q u a n t i t a t i v e  s t u d i e s  of t h e  

i n t e r a c t i o n  of t h e  solar  p la sma  w i t h  t h e  e a r t h ' s  m a g n e t i c  

f i e l d  u s e  be made of a s p h e r i c a l  o b j e c t  a p p r o x i m a t i o n  to 

t h e  magne tosphe re  w i t h  a r a d i u s  of 13.9 R 

b e h i n d  t h e  e a r t h .  T h i s  w i l l  p e r m i t  t he  u s e  o f  a n  a n a l y t i c a l l y  

m o r e  t rac tab le  g e o m e t r y  t h a n  t h e  b l u n t  body g e o m e t r y  

p r e v i o u s l y  employed . 

e C 

c e n t e r e d  3 , s  Re e 
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Measurements  o f  t h e  p o s i t i o n  of b o t h  t h e  m a g n e t o s p h e r i c  

boundary  a n d  t h e  s h o c k  wave t e r m i n a t e d  e a r l y  i n  t h e  l i f e -  

t i m e  of t h e  IMP-1 s a t e l l i t e  a s  t h e  o r b i t  p r e c e s s e d  i n  so la r  

e c l i p t i c  c o o r d i n a t e s .  From o r b i t  number 22 o n .  t h e  s a t e l l i t e  

w a s  e n c l o s e d  w i t h i n  t h e  i n t e r a c t i o n  r e g i o n  s u r r o u n d i n g  t h e  

m a g n e t o s p h e r e  a n d  f rom o r b i t  number  31 t o  47 t h e  s a t e l l i t e  

w a s  c o m p l e t e l y  e n c l o s e d  w i t h i n  t h e  e a r t h ' s  m a g n e t o s p h e r e .  

T h i s  "leeward s ide" o r  t a i l  r e g i o n  of  t h e  E a r t h ' s  m a g n e t i c  

f i e l d  shows no  i n d i c a t i o n  o f  any  t e r m i n a t i o n  a t  s a t e l l i t e  

a p o g e e  (31 .4  Re) 
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3 .  O b s e r v a t i o n s  of t h e  E a r t h ' s  M a g n e t i c  T a i l  

The E a r t h ' s  m a g n e t i c  f i e l d  as  d i s to r t ed  by  t h e  f l o w  

of t h e  solar wind and  t h e r e b y  c o n s t r a i n e d  on t h e  leeward 

s i d e  h a s  been measured  d u r i n g  o r b i t s  22 t h r o u g h  48. Over 

t h i s  t i m e  i n t e r v a l ,  from F e b r u a r y  17 t h r o u g h  May 30, 1964, 

t h e  S u n - E a r t h - s a t e l l i t e  apogee  a n g l e  decreased from 253 

t o  156' a s  measured  by  t h e  so la r  e c l i p t i c  l o n g i t u d e .  

o u t  t h i s  t i m e  i n t e r v a l  a c o n s p i c u o u s  and  ~ dominan t  f e a t u r e  of 

t h e  m a g n e t i c  f i e l d  o b s e r v a t i o n s  w a s  a d i s t o r t i o n  of t h e  f i e l d  

which  may be best descr ibed  a s  a d r a p i n g  back of t h e  geo- 

0 

Through- 

m a g n e t i c  f i e l d  i n t o  a n  a n t i - s o l a r  d i r e c t i o n .  A r e a s o n a b l y  

r e p r e s e n t a t i v e  sample  of t h e  t y p e  o f  m a g n e t i c  f i e l d  

measurements  pe r fo rmed  a n d  t h e  r e s u l t s  o b t a i n e d  is shown 

i n  F i g u r e s  2 and  3 .  The m a g n i t u d e  of t h e  f i e l d ,  5, i n  

gammas, and  t h e  s o l a r - e c l i p t i c  l a t i t u d e  ( 8 ) and  l o n g i t u d e  

( @ )  o f  t he  f i e l d  vec tor  are p l o t t e d  u s i n g  5.46 m i n u t e  

a v e r a g e s  o f  t h e  magnetic f i e l d  ( N e s s  e t .  a l . ,  1 9 6 4 ) .  T h e s e  

t w o  f i g u r e s  show t h e  m a g n e t i c  f i e l d  measu remen t s  o b t a i n e d  

from A p r i l  30 t o  May 4 ,  1964 on o r b i t  4 1 ,  u n i q u e  i n  t h a t  i t  

measured  t h e  f i e l d  i n  a r e g i o n  of space c e n t e r e d  a b o u t  t h e  

a n t i - s o l a r  d i r e c t i o n  a n d  a p p r o x i m a t e l y  i n  t h e  m i d n i g h t  m e r i d i a n  

p l a n e .  The r e s u l t s  o f  t h e  o u t b o u n d  measu remen t s  i n  F i g u r e  2 

c l e a r l y  i n d i c a t e  t h e  t e n d e n c y  of t h e  m a g n e t i c  f i e l d  t o  be i n  

t h e  a n t i - s o l a r  d i r e c t i o n  s i n c e  8 
= 00 to -5 0 and G -  1 8 0 ~  
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The r e m a r k a b l e  f e a t u r e  of  t h e  E a r t h ' s  m a g n e t i c  f i e l d  

t r a i l i n g  o u t  f a r  b e h i n d  it i n  s p a c e  w a s  f irst  o b s e r v e d  

by t h e  E x p l o r e r  X s a t e l l i t e  measurements  i n  1 9 6 1  (Heppner 

e t .  a l . ,  1 9 6 3 ) .  More r e c e n t l y ,  i n f o r m a t i o n  w a s  p u b l i s h e d  

i n  l i m i t e d  fo rm i n  a p a y l o a d  c o o r d i n a t e  s y s t e m  by C a h i l l  

(1964) f rom t h e  E x p l o r e r  X I V  r e s u l t s  i n  1963. These  measure-  

men t s  i n d i c a t e d  t h a t  t h e  E a r t h ' s  m a g n e t i c  f i e l d  a p p e a r e d  t o  

be d i s t o r t e d  i n  a manner s u c h  t h a t  t h e  v e c t o r  f i e l d  t e n d e d  

towards an  a n t i - s o l a r  o r i e n t a t i o n  on t h e  t w o  sample  o r b i t s  

n e a r  t h e  m i d n i g h t  m e r i d i a n  p l a n e .  The IMP-1 r e s u l t s  r e p o r t e d  

h e r e i n  are i n  a g r e e m e n t  w i t h  t h e s e  e a r l y  measurements  a n d  

extend d r a m a t i c a l l y  t h e  c o n c e p t  o f  t h e  m a g n e t i c  t a i l  of 

t h e  E a r t h .  A s  s e e n  i n  F i g u r e  2 t h e  E a r t h ' s  magnetic f i e l d  

o u t  t o  a d i s t a n c e  of 3 1 . 4  R i s  many t i m e s  larger t h a n  t h e  

t h e o r e t i c a l  f i e l d  p r e d i c t e d  by e x t r a p o l a t i o n  u s i n g  s p h e r i c a l  

ha rmon ic  c o e f f i c i e n t s .  The two a n g l e s  8 and @ , as  

p r e v i o u s l y  r e p o r t e d ,  i n d i c a t e  a v e r y  s t e a d y  a n t i - s o l a r  

e 

o r i e n t a t i o n  f o r  t h e  f i e l d .  Thus,  t h r o u g h o u t  t h i s  e n t i r e  

40 h o u r  t i m e  i n t e r v a l  t h e  f i e l d  h a s  been  o b s e r v e d  t o  be 

d i r e c t e d  away f r o m  t h e  s u n .  T h i s  c h a r a c t e r i s t i c  f e a t u r e  

is e v i d e n t  i n  a l l  of t h e  IMP-1 d a t a  f r o m  o r b i t s  31 t h r o u g h  

4 8  d u r i n g  t h e  ou tbound  p a s s e s .  

- 

A f t e r  p a s s i n g  t h r o u g h  apogee ,  however ,  t h e  s a t e l l i t e  

measu remen t s  i n d i c a t e  t h a t  a t  a var iab le  radial  d i s t a n c e ,  

f r o m  a p p r o x i m a t e l y  9 Re t o  a maximum o f  2 8  R e t  t h e  direction 
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of t h e  m a g n e t i c  f i e l d  c h a n g e s  f r o m  a n  a n t i - s o l a r  t o  a so la r  

d i r e c t e d  o r i e n t a t i o n .  An example of t h i s  is shown i n  

F i g u r e  3 as  o c c u r r i n g  a t  a g e o c e n t r i c  d i s t a n c e  of 16 R on 

inbound o r b i t  number 4 1 .  H e r e  t h e  m a g n e t i c  f i e l d  is s e e n  

t o  decrease t o  a v e r y  s m a l l  v a l u e  a n d  t o  c h a n g e  its d i r e c t i o n  

a b r u p t l y ,  i n  20-30 m i n u t e s ,  which  c o r r e s p o n d s  t o  t h e  mot ion  

o f  t h e  s a t e l l i t e  t h r o u g h  a f r a c t i o n  o f  an  E a r t h  r a d i u s .  

T h i s  a b r u p t  d i r e c t i o n a l  change  i n  t h e  e a r t h ' s  m a g n e t i c  f i e l d  

is i d e n t i f i e d  as t h e  f i r s t  e x p e r i m e n t a l  d e t e c t i o n  o f  a 

n e u t r a l  s h e e t  i n  t h e  m a g n e t i c  t a i l  of t h e  E a r t h .  Such  a 

f e a t u r e  h a s  been r e c e n t l y  d i s c u s s e d  by  Axford,  P e t s c h e k ,  a n d  

S i s c o e  (1964) o n  t h e  bas i s  o f  a n  i n i t i a l  s u g g e s t i o n  by  

Dungey (1961) re la ted t o  c o n n e c t i o n  of g e o m a g n e t i c  f i e l d  

l i n e s  w i t h  t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d .  The p o s s i b i l i t y  

t h a t  t h e  m a g n e t o s p h e r e  may be open t o  c o n n e c t i o n  w i t h  t h e  

i n t e r p l a n e t a r y  f i e l d  h a s  been  r e v i e w e d  by  A l f v e n  (1963) 

e 

/ 

The s i g n i f i c a n c e  of t h e  n e u t r a l  s h e e t  w i l l  be d i s c u s s e d  

i n  a l a t e r  p a r a g r a p h ,  b u t  i ts i m p o r t a n t  p h y s i c a l  c h a r a c t e r i s t i c s  

c a n  be summarized a t  t h i s  t i m e .  The n e u t r a l  s h e e t  is 

e v i d e n c e d  b y  b o t h  t h e  m a g n e t i c  f i e l d  t o p o l o g y  w i t h i n  t h e  

m a g n e t i c  t a i l  o f  the  E a r t h  a n d  b y  its p o s i t i o n  i n  t h e  m a g n e t i c  

t a i l .  I t  h a s  been u n i q u e l y  o b s e r v e d  on 1 4  of t h e  o r b i t s  

31 t h r o u g h  47,  a n d  is i d e n t i f i a b l e  o n  t h e  basis of a v e r y  

weak or  zero magnet ic  f i e l d  measu red  w h i l e  t h e  f i e l d  

o r i e n t a t i o n  c h a n g e s  f r o m  a n  a n t i - s o l a r  t o  a so l a r  d i r e c t i o n .  
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The s a t e l l i t e  is moving n o r t h w a r d  w i t h  r e s p e c t  t o  t h e  so l a r  

e c l i p t i c  p o l e  a t  a p p r o x i m a t e l y  0.5 K m / s e c  when t h e  a b r u p t  

change  o c c u r s  i n  t h e  d i r e c t i o n  of t h e  f i e l d  f rom t h e  a n t i -  

so la r  d i r e c t i o n  i n  t h e  s o u t h e r n  h e m i s p h e r e  t o  t h e  so la r  

d i r e c t i o n  i n  t h e  n o r t h e r n  hemisphe re .  T h i s  v e l o c i t y ,  

m u l t i p l i e d  by  t h e  t i m e  o v e r  which t h e  d i r e c t i o n  c h a n g e s ,  

y i e l d s  a " t h i c k n e s s "  of a p p r o x i m a t e l y  600 Km which is o f  

t h e  o r d e r  of a p r o t o n  g y r o r a d i u s  f o r  a 1 Kev p a r t i c l e .  T h i s  

d e s c r i b e s  a " t h i n "  s h e e t  a n d  is r e p r e s e n t a t i v e  of s e v e r a l  of 

t h e  t r a v e r s a l s  o f  t h e  n e u t r a l  s h e e t  

A summary o f  t h e  m a g n e t i c  f i e l d  h o u r l y  Xse - Yse 

component  a v e r a g e s  f o r  t h e  i n i t i a l  6 month l i f e t i m e  o f  IMP-1 

is shown p r o j e c t e d  on t h e  p l a n e  o f  t h e  e c l i p t i c  i n  F i g u r e s  

4 a n d  5.  Each  v e c t o r  r e p r e s e n t s  t h e  a v e r a g e  o v e r  o n e  h o u r  

w i t h  t h e  f o o t  of e a c h  v e c t o r  c o i n c i d e n t  w i t h  t h e  a v e r a g e  

p o s i t i o n  o f  t h e  s a t e l l i t e  o v e r  t h e  same t i m e  i n t e r v a l .  These  

two f i g u r e s  do n o t  p e r m i t  the  f u l l  r e p r e s e n t a t i o n  of t h r e e  

d i m e n s i o n a l  m a g n e t i c  f i e l d  measu remen t s ,  However,  s i n c e  8 

is g e n e r a l l y  s m a l l  a n d  c lose  to zero i n  t h e  t a i l ,  t h e  t o p o l o g y  

of t h e  f i e l d  is p r o p e r l y  i n d i c a t e d .  An a t t e m p t  t o  show t h e  

t h r e e  d i m e n s i o n a l  c h a r a c t e r i s t i c s  of t h e  o r b i t  a n d  t h e  

assoc ia ted  s p a t i a l  s a m p l i n g  of t h e  f i e l d  is i n d i c a t e d .  The 

d a s h e d  l i n e s  "con tour"  t h e  p o s i t i o n  of t h e  s a t e l l i t e  r e l a t i v e  

t o  t h e  Zse coordinate  of t h e  s a t e l l i t e  a t  t h e  t i m e  of 

measurement .  The data  i n  t h e  t w o  f i g u r e s  have  been a r b i t a r i l y  
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s e p a r a t e d  by the p l a n e  Zse = - 2 . 5  Re f o r  c l a r i t y  of 

p r e s e n t a t i o n .  F u r t h e r m o r e , o n l y  even  h o u r  a v e r a g e s  are  

p r e s e n t e d ,  a g a i n  f o r  t h e  s a m e  r e a s o n .  M i s s i n g  da ta  is 

e v i d e n c e d  f o r  o r b i t s  25 ,  26 a n d  37 a n d  is p r e s e n t l y  b e i n g  

a n a l y z e d .  The p o s i t i o n  of  t h e  b o u n d a r y  of t h e  m a g n e t o s p h e r e  

is i n d i c a t e d  by crosses f o r  e a c h  o r b i t a l  t r a v e r s a l .  The 

t w o  f i g u r e s  e s s e n t i a l l y  p r e s e n t  data  o b t a i n e d  m a i n l y  on 

t h e  outbound a n d  inbound  p o r t i o n s  of t h e  48 o r b i t s  r e s p e c t i v e l y .  

The i n d i v i d u a l  o r b i t s  are  numbered as  shown by  t h e  c i r c l e d  

n u m e r a l s .  

These f i g u r e s  d r a m a t i c a l l y  i l l u s t r a t e  t h e  f o r m a t i o n  o f  

t h e  E a r t h ' s  magnetic t a i l  a n d  show t h e  d i s t o r t i o n  o f  t h e  

f i e l d  l i n e s  q u i t e  c l e a r l y .  The da ta  i n  F i g u r e  4 p r e s e n t  

a much c learer  v iew s i n c e  t h e  s a t e l l i t e  w a s  s u b s t a n t i a l l y  

more below t h e  n e u t r a l  sheet on t h e  o u t b o u n d  t h a n  on t h e  

inbound p a s s e s .  The d a t a  i n  F i g u r e  5 show t h e  r e v e r s a l  of 

t h e  f i e l d  when the  n e u t r a l  s h e e t  is t r a v e r s e d .  I n  some 

i n s t a n c e s  it a p p e a r s  t h a t  m u l t i p l e  c r o s s i n g s  of a s i n g l e  

n e u t r a l  s h e e t  or s e p a r a t e  c r o s s i n g s  of m u l t i p l e  n e u t r a l  sheets 

are s u g g e s t e d  by these data.  The former i n t e r p r e t a t i o n  is 

f a v o r e d  a t  p r e s e n t  b e c a u s e  of t h e  d a i l y  "wobble" of t h e  E a r t h ' s  

magne t i c  dipole  a x i s  a n d  i ts  assoc ia ted  e f f e c t s  on t h e  

r e l a t ive  s a t e l l i t e  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  n e u t r a l  s h e e t .  

A f u t u r e  p u b l i c a t i o n  w i l l  d i s c u s s  i n  more q u a n t i t a t i v e  

d e t a i l  these magnetic f i e l d  data.  Note t h a t  i n  b o t h  F i g u r e s  

4 a n d  5 t h e  f i e l d  a p p e a r s  t o  c l o s e l y  p a r a l l e l  t h e  magnetospheric 
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boundary  i n d i c a t i n g  l i t t l e  i f  any  n o r m a l  component  o f  t h e  f i e l d .  

A s  h a s  been  done i n  t h e  i n t e r p r e t a t i o n  o f  t h e  E x p l o r e r  

X t a i l  da ta ,  i t  is r e a s o n a b l e  to  c o n s i d e r  t h e  m a g n e t i c  f l u x  

o b s e r v e d  i n  t h e  E a r t h ' s  m a g n e t i c  t a i l  a s  coming f r o m  t h e  

geomagnetic f i e l d  w i t h i n  t h e  p o l a r  c a p  r eg ion .  The 

m a g n i t u d e  o f  t h e  f i e l d  o b s e r v e d  i n  t h e  e a r t h ' s  m a g n e t i c  

t a i l  is b e t w e e n  10 t o  30 gammas. Assumimg a c y l i n d r i c a l  

m a g n e t i c  t a i l  w i t h  a d i a m e t e r  of  40 R d i r e c t  c o n n e c t i o n  

t o  t h e  p o l a r  c a p  l i n e s  o f  f o r c e  a n d  c o n s e r v a t i o n  o f  t o t a l  

f l u x  f rom c o l a t i t u d e s  o f  1 8 O  and less ,  t h e  p r e d i c t e d  t a i l  

f i e l d  s t r e n g t h  is a b o u t  20 gammas ( s e e  f i g u r e  6 ) .  T h i s  v a l u e  

is i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  m a g n e t i c  f i e l d  s t r e n g t h  

o b s e r v e d  i n  t h e  t a i l  a n d  1s c o n s i s t e n t  w i t h  t h e  c o n c e p t  t h a t  t h e  

E a r t h ' s  m a g n e t i c  t a i l  is a r e s u l t  o f  p o l a r  c a p  l i n e s  of  f o r c e  

b e i n g  d r a g g e d  o u t  b e h i n d  t h e  e a r t h  p a r a l l e l  t o  t h e  Ear th-Sun 

l i n e .  Whether or n o t  t h e  l i n e s  o f  f o r c e  g e n e r a l l y  p a r a l l e l  

a d i r e c t i o n  a b e r r a t e d  3 w e s t  of t h e  Sun is i n d e t e r m i n a t e  

w i t h i n  t h e  a c c u r a c y  o f  t h e  measurements  a n d  t h e  l i m i t e d  

s t a t i s t i c a l  a n a l y s e s  which  have been  p e r f o r m e d  t h u s  f a r .  

e '  

0 

A t  a f u t u r e  t i m e  i t  may be p o s s i b l e  t o  i n d i c a t e  more p r e c i s e l y  

t h e  a n g l e  a t  which  t h e  E a r t h ' s  m a g n e t i c  t a i l  t r a i l s  o u t  

f o l l o w i n g  t h e  f l o w  f i e l d  o f  t h e  so l a r  w i n d .  Walters (1964) 

h a s  s u g g e s t e d  a s i g n i f i c a n t  "yaw" b e c a u s e  o f  t h e  o b l i q u e  

i n t e r p l a n e t a r y  m a g n e t i c  f i e l d .  IMP-1 h a s  n o t  p r o v i d e d  
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e v i d e n c e  t o  s u p p o r t  a n y  l a r g e  scale e f f e c t  a n d  i n d e e d  d i r e c t  

c o m p u t a t i o n  of t h e  p r e d i c t e d  e f f e c t  shows o n l y  a b o u t  an  

a d d i t i o n a l  3O-5Oto be e x p e c t e d .  



- 1 5  - 

4 .  P o s i t i o n  of t h e  M a g n e t i c  N e u t r a l  S h e e t  a n d  Related 

P a r t i c l e  Measurements  

If t h e  m a g n e t i c  a x i s  of t h e  E a r t h  were o r i e n t e d  a t  a l l  

t i m e s  p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  e c l i p t i c  i t  is c lear  

t h a t  t h e  n e u t r a l  s h e e t  would be p a r a l l e l  t o  a n d  i n d e e d  i d e n t i c a l  

t o  t h e  e c l i p t i c  p l a n e .  However, t h e  o b l i q u i t y  t o  t h e  e c l i p t i c  

of t h e  E a r t h ' s  s p i n  a x i s  a n d  t h e  n o n - a x i a l  g e o m a g n e t i c  d i p o l e  

lead t o  a complex a n d  p e r i o d i c a l l y  v a r y i n g  r e l a t i o n s h i p  of 

t h e  o r i e n t a t i o n  o f  t h e  geomagne t i c  a x i s  i n  s p a c e  r e l a t i v e  

t o  t h e  Sun E a r t h  l i n e  a n d  t h e  e c l i p t i c  p l a n e .  The m o t i o n  i n  

a solar  e c l i p t i c  c o o r d i n a t e  s y s t e m  c a n  be compared  t o  t h e  m o t i o n  

o f  a g y r o s c o p e .  A s  shown i n  F i g u r e  7 t h e  " p r e c e s s i o n  o f  t h e  

E a r t h ' s  s p i n  a x i s  o c c u r s  i n  a pe r iod  of one  y e a r  w i t h  a c o n e  

h a l f  a n g l e  of 23.4O a n d  the  n u t a t i o n  of t h e  m a g n e t i c  a x i s  

a b o u t  t h e  s p i n  a x i s  c o r r e s p o n d s  t o  a d a i l y  v a r i a t i o n  w i t h  a 

c o n e  h a l f  a n g l e  of 11.7 . I t  is a p p r o p r i a t e  i n  t h e  i n t e r -  

p r e t a t i o n  of t h e  p o s i t i o n  of t h e  n e u t r a l  s h e e t  a n d  its p h y s i c a l  

c h a r a c t e r i s t i c s  t o  c o n s i d e r  t h i s  v a r y i n g  a t t i t u d e .  T h i s  is 

a more i n v o l v e d  c o n s i d e r a t i o n  t h a n  w a s  u s e d  i n  t h e  i n i t i a l  

r e p r e s e n t a t i o n  of t h e  pos i t i on  o f  t h e  m a g n e t o s p h e r i c  b o u n d a r y  

a s  a f u n c t i o n  of t h e  a n g l e  o f  a t t a c k  o f  t h e  solar  wind .  ( N e s s  

e t .  a l . ,  1964 .  

0 

I n v e s t i g a t o r s  i n  t h e  f i e l d  o f  m a g n e t o s p h e r i c  p h y s i c s  

h a v e  employed s e v e r a l  c o o r d i n a t e  s y s t e m s  s u c h  as g e o m a g n e t i c ,  

g e o g r a p h i c  i n  t h e  pas t  a n d  more r e c e n t l y  s o l a r  e c l i p t i c .  
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T h i s  p a p e r  w i l l  i n t r o d u c e  a c o o r d i n a t e  s y s t e m  t h a t  r e f l e c t s  

t h e  cont ro l  o f  t h e  magne tosphe re  a n d  t h e  m a g n e t i c  t a i l  

t o p o l o g y  by  t h e  so l a r  plasma f l o w .  T h i s  new c o o r d i n a t e  

s y s t e m  is ca l led  so la r  m a g n e t o s p h e r i c  r e f l e c t i n g  t h e  i m p o r t a n c e  

of t h e  s o l a r  p l a sma  f l o w  a n d  t h e  d i r e c t i o n  of t h e  g e o m a g n e t i c  

ax i s .  

m a g n e t o s p h e r i c  coordinate  

o f  t h e  s o l a r  e c l i p t i c  c o o r d i n a t e  s y s t e m  a n d  p o i n t s  f r o m  

t h e  E a r t h  t o  t h e  Sun a t  a l l  t i m e s .  

s u c h  t h a t  t h e  Xsm - Zsm p l a n e  a l w a y s  i n c l u d e s  t h e  g e o m a g n e t i c  

d i p o l e  a x i s .  T h u s ,  t h e  Ysm ax i s  o f  t h e  r i g h t - h a n d e d  co- 

o r d i n a t e  s y s t e m  is a l w a y s  o r t h o g o n a l  b o t h  t o  t h e  Ear th-Sun 

A s  shown i n  F i g u r e  8,  t h e  Xsm-axis o f  t h e  so l a r  

s y s t e m  is i d e n t i c a l  t o  t h e  X s e - a X i S  

The Zsm-axis is c h o s e n  

l i n e  a n d  t o  t h e  g e o m a g n e t i c  d i p o l e  a x i s .  W i t h i n  t h i s  co- 

o r d i n a t e  s y s t e m  i t  is p o s s i b l e  t o  d e f i n e  e q u i v a l e n t  l a t i t u d e s  

and  l o n g i t u d e s  of t h e  p o s i t i o n  o f  the  n e u t r a l  sheet as  

t r a v e r s e d  by t h e  IMP-1 s a t e l l i t e .  

The r e l a t i v e  p o s i t i o n  o f  t h e  n e u t r a l  sheet i n  t h e  E a r t h ' s  

m a g n e t i c  t a i l  is a n  i m p o r t a n t  p a r a m e t e r  is a s c e r t a i n i n g  i t s  

r e l a t i o n s h i p  t o  t e r r e s t r i a l  phenomona a n d  o t h e r  s a t e l l i t e  

measurements .  T h i s  o r i e n t a t i o n  h a s  been  i n v e s t i g a t e d  w i t h  

solar  e c l i p t i c ,  g e o m a g n e t i c  a n d  so l a r  m a g n e t o s p h e r i c  co- 

o r d i n a t e s  u s i n g  X s s ,  t h e  g e o m a g n e t i c  l a t i t u d e  of t h e  s u b s o l a r  
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p o i n t  a s  a n  i n d e p e n d e n t  v a r i a b l e .  The r e s u l t s  o f  t h i s  

p r o g r e s s i v e  s t u d y  are ShQwa i n  F i g u r e s  9-11. The solar  

m a g n e t o s p h e r i c  c o o r d i n a t e  s y s t e m  g i v e s  t h e  best  f i t  of t h e  

n e u t r a l  s h e e t  t o  a n  e q u a t o r i a l  p l a n e  i n  t h e  t h r e e  

c o o r d i n a t e  s y s t e m s  s t u d i e d . I n t h e  s o l a r  e c l i p t i c  c o o r d i n a t e  

s y s t e m  shown i n  F i g u r e  9, t h e  s u b s a t e l l i t e  l a t i t u d e  of 

t h e  

I n  t h e  g e o m a g n e t i c  c o o r d i n a t e  s y s t e m  shown i n  F i g u r e  10, 

t h e  g e o m a g n e t i c  l a t i t u d e  o f  t h e  s u b s a t e l l i t e  p o i n t  a p p e a r s  

t o  be much be t te r  ordered t h a n  was o b s e r v e d  i n  t h e  so l a r  

e c l i p t i c  coord ina te  s y s t e m ,  However, t h e  s u b s a t e l l i t e  

l a t i t u d e s  s t i l l  e x t e n d  o v e r  t h e  geomagne t i c  r a n g e  +g t o  -25O.  

The i n v e r s e  dependency  of t h e  n e u t r a l  s h e e t  g e o m a g n e t i c  

l a t i t u d e  upon xss s u g g e s t e d  t h e  so la r  m a g n e t o s p h e r i c  

c o o r d i n a t e  s y s  t e m .  

n e u t r a l  s h e e t  t r a v e r s a l  w a s  o b s e r v e d  be tween s o a n d  22'. 

F i g u r e  11 shows t h e  r e s u l t  i n  t h e  s o l a r  m a g n e t o s p h e r i c  

c o o r d i n a t e  s y s t e m  a n d  a c l e a r  r e s u l t  is o b t a i n e d  i n d i c a t i n g  

t h a t  t h e  n e u t r a l  s h e e t  i s  almost i d e n t i c a l  t o  t h e  solar 

m a g n e t o s p h e r i c  equated p l a n e  ( w i t h i n  5 O  or  l o o ) .  The 

d e P a f i r e  of  t h e  n e u t r a l  s h e e t  f rom b e i n g  w i t h i n  a few 

d e g r e e s  of t h i s  e q u a t o r  f o r  h ighe r  g e o m a g n e t i c  l a t i t u d e s  of 

t h e  s u b - s o l a r  p o i n t  may be related t o  a s p a t i a l  c u r v a t u r e  

o r  w a r p i n g  of t h e  n e u t r a l  s h e e t  s u r f a c e  c a u s e d  by a n  

increased a n g l e  of a t t a c k  of t h e  so la r  wind as  measu red  by 

xss. T h i s  d e p a r t u r e  c o u l d  a l so  be a n  i n h e r e n t  a s p e c t  of t h e  



of t h e  n e u t r a l  s h e e t  i n  t h a t  i t  is n o t  a f l a t  p l a n a r  

f e a t u r e  i n  t h e  E a r t h ' s  m a g n e t i c  t a i l .  N o  a t t e m p t  h a s  

been  made t o  remove a n y  t r a n s i e n t  v a r i a t i o n s  of t h e  

n e u t r a l  s h e e t  p o s i t i o n  f rom t h e s e  da ta  a l t h o u g h  m a g n e t i c  

a c t i v i t y  h a s  been  s i g n i f i c a n t  d u r i n g  these measuremen t s .  

The s u g g e s t i o n  by  F r a n k  (1964) a n d  S i n g e r  e t . a l .  (1964) 

t h a t  a n  a n t i - s o l a r  t a i l  of e n e r g e t i c  e l e c t r o n s  w a s  

o r i e n t e d  p r e f e r e n t i a l l y  i n  t h e  e c l i p t i c  p l a n e  is p r o b a b l y  

o n l y  p a r t i a l l y  cor rec t .  The o r i e n t a t i o n  is  p r o b a b l y  more 

n e a r l y  i n  t h e  so l a r  m a g n e t o s p h e r i c  e q u a t o r i a l  p l a n e  a n d  

r e a n a l y s i s  o f  t h e s e  data  s h o u l d  i n d i c a t e  t h i s  t o  be t h e  

case.  R e c e n t l y  Montgcmery e t .  a l .  (1965) h a v e  rev ised  t h e i r  

o r i g i n a l  a n a l y s i s  and  s u g g e s t  t h a t  t h e  r e s u l t s  n o w  

i n d i c a t e  an o r i e n t a t i o n  closer t o  t h e  g e o m a g n e t i c  e q u a t o r i a l  

p l a n e .  However , t h e y  h a v e  y e t  t o  employ  so l a r  m a g n e t o s p h e r i c  

coord ina tes .  On ly  w i t h  s a t e l l i t e  measu remen t s  d u r i n g  t h e  

e q u i n o x e s  and  t h e  s o l s t i c e s  c a n  the a n a l y s i s  r e v e a l  the  

c o r r e c t  n e u t r a l  s h e e t  o r i e n t a t i o n .  

The most  i m p o r t a n t  f e a t u r e  of t h e s e  IMP-1 m e a s u r e m e n t s ,  

however ,  e x t e n d i n g  o v e r  d i s t a n c e s  f r o m  9 t o  28  Re d u r i n g  a 

t h r e e  month i n t e r v a l  is t h a t  t h e  n e u t r a l  s h e e t  is a 

pe rmanen t  f e a t u r e  of t h e  E a r t h ' s  m a g n e t i c  t a i l  a n d  t h a t  i t  

s e p a r a t e s  r e g i o n s  of a p p r e c i a b l e  f i e l d  s t r e n g t h  wh ich  are 

o p p o s i t e l y  d i r ec t ed .  F o r  s t a b i l i t y  of f i e l d  l i n e s  o u t s i d e  

t h i s  n e u t r a l  s h e e t  i t  is n e c e s s a r y  t h a t  a n  e n h a n c e d  plasma 

f l u x  be p r e s e n t .  I n d e e d  A x f o r d  e t . a l .  (1964) s u g g e s t  t h a t  
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p r e v i o u s  s a t e l l i t e  measurements  on t h e  a n t i - s o l a r  s i d e  

of t h e  e a r t h  by F r a n k  (1964) and  S i n g e r  e t .  a l .  (1964) may 

be a n  i n d i r e c t  r e f l e c t i o n  of t h e  m a g n e t i c  t a i l  f i e l d  t o p o l o g y  

A l t h o u g h  Dessler (1964) a n d  Dessler a n d  J u d a y  (1964) i m p l i e d  

t h a t  a n e u t r a l  s h e e t  would d e v e l o p  i n  t h e  t a i l ,  t h e y  d i d  

n o t  s t a t e  t h i s  e x p l i c i t l y  a s  d i d  t h e  p r e v i o u s  a u t h o r s .  

P r e s s u r e  b a l a n c e  r e q u i r e s  t h a t  t h e  r e g i o n  of space s e p a r a t i n g  

f i e l d s  o f  o p p o s i t e  d i r e c t i o n  c o n t a i n  an  e n h a n c e d  p a r t i c l e  

p o p u l a t i o n .  An a t t e m p t  t o  compare d i r e c t l y  t h o s e  measu remen t s  

of p a r t i c l e s  on t h e  n i g h t  s i d e  of t h e  e a r t h  which re la te  t o  

t h i s  p rob lem f o l l o w s .  

E s s e n t i a l l y  t h e  n e u t r a l  s h e e t  a p p e a r s  t o  be a p o s s i b l e  

r e p o s i t o r y  a n d / o r  s o u r c e  f o r  e n e r g e t i c  p a r t i c l e s  which  may 

p e r m i t  a n  e x p l a n a t i o n  of s u c h  phenomenon a s  t h e  a u r o r a  a n d  

t h e  deve lopmen t  o f  t h e  t r a p p e d  r a d i a t i o n  b e l t s  a s  w e l l  a s  

t h e i r  o b s e r v e d  d a y  n i t e  asymmetry.  The p a p e r  on g e o m a g n e t i c  

s t o r m  t h e o r y  by  P i d d i n g t o n  (1960) p r e s e n t e d  a m a g n e t i c  f i e l d  

t o p o l o g y  i n  t h e  t a i l  which  is i n  good a g r e e m e n t  w i t h  t h e  IMP-1 

o b s e r v a t i o n s .  The p o s s i b i l i t y  of s u c h  a pe rmanen t  m a g n e t i c  

f i e l d  t o p o l o g y ,  however ,  a p p e a r s  t o  have  been  o v e r l o o k e d  

b y  h im somewhat as  d i d  Chapman a n d  F e r r a r o  i n  t h e i r  

d e v e l o p m e n t  of a t r a n s i e n t  geomagne t i c  c a v i t y  m o r e  t h a n  30 

y e a r s  ago. S a t e l l i t e s  a n d  s p a c e  p r o b e s  h a v e  p e r m i t t e d  t h e  

t i m e  sca le  s i n c e  P i d d i n g t o n ' s  e a r l y  s u g g e s t i o n  t o  be consider-  

a b l y  s h o r t e n e d  t o  a p p r o x i m a t e l y  5 y e a r s .  
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F i g u r e  12 i l l u s t r a t e s  t h e  e l e c t r o n  f l u x  v a l u e s  a t  

a s p e c i f i c  e n e r g y  which  would c o r r e s p o n d  t o  b a l a n c e  o f  

t r a n s v e r s e  p a r t i c l e  p r e s s u r e  a n d  t h e  p r e s s u r e  o f  t h e  

o p p o s i t e l y  directed m a g n e t i c  f i e l d s  i n  t h e  t a i l  o f  t h e  

e a r t h .  T h i s  model o f  t h e  m a g n e t i c  t a i l  e s s e n t i a l l y  

c o n s i d e r s  t h e  n e u t r a l  s h e e t  t o  be a f l a t  s l a b  of i s o t r o p i c  

t h e r m a l i z e d  p l a sma  s e p a r a t i n g  t h e  n o r t h e r n  a n d  s o u t h e r n  

hemisphe re  p o r t i o n s  o f  t h e  t a i l  i n  a s t a t i c  c o n f i g u r a t i o n .  

I f  i t  is assumed t h a t  t h e r e  is n o  p l a sma  w i t h i n  t h e  m a g n e t i c  

f i e l d  a n d  v i c e  v e r s a  t h e  t r a n s v e r s e  p r e s s u r e  b a l a n c e  is 

d e s c r i b e d  by  P, = B 2 / 8 7 r .  T h i s  s i m p l e  model w i l l  y i e l d  

minimum v a l u e s  o f  t h e  e x p e c t e d  p a r t i c l e  f l u x e s  i n  t h e  

n e u t r a l  s h e e t .  Supe r imposed  on F i g u r e  1 2  are t h e  r e s u l t s  

o f  p r e v i o u s  s a t e l l i t e  o b s e r v a t i o n s .  The L u n i k  I1 da ta ,  

obtained a t  l o w  g e o m a g n e t i c  l a t i t u d e  i n  t h e  t a i l  o f  t h e  E a r t h ,  

p r o b a b l y  r e p r e s e n t  t h e  n e u t r a l  s h e e t  r a t h e r  t h a n  a t h i r d  

r a d i a t i o n  b e l t  ( G r i n g a u z ,  1 9 6 4 ;  Van A l l e n ,  1964)  

I t  i s  s e e n  t h a t  t h e r e  is  a r e a s o n a b l e  l e v e l  o f  

c o n s i s t e n c y  among t h e  v a r i o u s  p e r t i n e n t  e x p e r i m e n t a l  r e s u l t s ,  

t o  w i t h i n  t h e i r  r e s p e c t i v e  a c c u r a c i e s .  Tne data  of E x p l o r e r  

X I 1  showed a d e f i n i t e  e f f e c t  d u e  t o  l o w  e n e r g y  e l e c t r o n s  i n  

t h e  m a g n e t o s p h e r i c  t a i l .  The mean d i r e c t i o n a l  i n t e n s i t y  

i n f e r r e d  f r o m  t h e  o b s e r v a t i o n s  on a p a r t i c u l a r  d a y  of h i g h  

i n t e n s i t y  w a s  a p p r o x i m a t e l y  1$ Icrn /sec/sterad i f  t h e  e f f e c t  

w a s  a t t r i b u t e d  t o  

2 



10 Kev e l e c t r o n s  (Freeman,  1 9 6 4 ) .  On t h e  basis  o f  a 

g e n e r a l  review o f  E x p l o r e r  X I 1  data  F r a n k  a n d  Van A l l e n  

(1964) c o n c l u d e d  t h a t  i n t e n s i t i e s  of p e r h a p s  o n e  lower 

order of magn i tude  were more r e p r e s e n t a t i v e  of t h e  u s u a l  

l e v e l  i n  t h i s  r e g i o n .  

Freeman ( p r i v a t e  communicat ion)  h a s  p o i n t e d  o u t  t h a t  

i f  i t  is assumed t h a t  t h e  m a g n e t i c  f i e l d  w a s  s t r o n g e r  a t  

t h e  a p p r o p r i a t e  E x p l o r e r  XI1 p o s i t i o n s  (and  i n d i c a t e d  by 

IMP-1 t o  be t r u e )  t h e n  t he  ag reemen t  is q u i t e  good. 

I t  is a l so  c lear  t h a t  t h e  s u g g e s t i o n  by Van A l l e n  (1964) 

t h a t  t h e  p a r t i c l e s  observed by G r i n g a u z  e t ,  a l .  (1960) o r  

L u n i k  11 are r e l a t ed  t o  t h o s e  observed on  t h e  E x p l o r e r  X I 1  

s a t e l l i t e  is i n  e x c e l l e n t  ag reemen t  i n  t h e  g e n e r a l  t r e n d  of 

p a r t i c l e  measu remen t s .  I n  a d d i t i o n  t h e  E x p l o r e r  X I V  

measu remen t s  r e p o r t e d  by  F rank  ( 1 9 6 4 ) ,  a n d  Anderson e t . a l .  

(1964) a t  much h i g h e r  e n e r g i e s  i n d i c a t e  t h a t  t h i s  p i c t u r e  

o f  a n e u t r a l  s h e e t  of h i g h l y  e n e r g e t i c  e l e c t r o n s  may w e l l  

be t h e  d i r e c t  r e s u l t  of t h e  d ragged  o u t  m a g n e t i c  f i e l d  l i n e s  

f r o m  t h e  p o l a r  cap r e g i o n s  of t h e  e a r t h ' s  m a g n e t i c  f i e l d .  

The exact  mechanism f o r  t h i s  e x t e n s i o n  of f i e l d  l i n e s  is 

n o t  c lear  a l t h o u g h  Axford and  H i n e s  (1961) s u g g e s t  t h a t  i t  

is d u e  t o  " v i s c o u s  drag" of t h e  so la r  wind  on t h e  m a g n e t o s p h e r i c  

boundary .  The p o s s i b i l i t y  t h a t  r e c o n n e c t i o n  of f i e l d  l i n e s  

be tween  g e o m a g n e t i c  a n d  i n t e r p l a n e t a r y  regimes is t h e  p r i m a r y  

mechanism must  a l s o  be c o n s i d e r e d .  
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D e t a i l e d  c o r r e l a t i o n s  of  t h e  r e s u l t s  o f  t h e  v a r i o u s  

e x p e r i m e n t s  on  t h e  IMP-1 s a t e l l i t e  are b e i n g  p e r f o r m e d  

t o  deduce  f u r t h e r  p r o p e r t i e s  o f  t h e  E a r t h ' s  m a g n e t i c  t a i l  

a n d  i t s  n e u t r a l  s h e e t .  An i m p o r t a n t  a s p e c t  o f  t h e  

deve lopment  of s u c h  a n e u t r a l  s h e e t  i n  t h e  E a r t h ' s  m a g n e t i c  

t a i l  is t h e  q u e s t i o n  o f  its i n h e r e n t  s t a b i l i t y .  A t y p e  Of 

r e s i s t i v e  i n s t a b i l i t y  s t u d i e d  i n  t h e  c o n t r o l l e d  t h e r m o n u c l e a r  

f u s i o n  program by F u r t h ,  K i l l e n  a n d  R o s e n b l u t h  (1963) shows 

a v e r y  s imi la r  f i e l d  a n d  p l a sma  g e o m e t r y  which  may lead t o  

a c c e l e r a t i o n  of p a r t i c l e s  a n d  t h u s  t o  a p r o p a g a t i o n  a l o n g  t h e  

f i e l d  l i n e s  i n t o  t h e  a u r o r a l  z o n e s .  P e t s c h e k  (1963) h a s  

d i s c u s s e d  m a g n e t i c  f i e l d  a n n i h i l a t i o n  across  a n e u t r a l  s h e e t  

as a mechanism f o r  a c c e l e r a t i o n  of p a r t i c l e s ,  c o n v e r t i n g  

m a g n e t i c  e n e r g y  t o  p l a sma  e n e r g y .  I t  is s u g g e s t e d  t h a t  

a n e u t r a l  s h e e t  p o p u l a t e d  w i t h  a r e l a t i v e l y  h i g h  d e n s i t y  a n d  

e n e r g e t i c  p l a sma  p o s s e s s e s  i n h e r e n t  i n s t a b i l i t i e s  which may 

lead  t o  a c c e l e r a t i o n  of p a r t i c l e s  a n d  t h u s  p e r m i t  an  

e x p l a n a t i o n  of t h e  a u r o r a l  phenomenon. T h i s  s i g n i f i c a n t l y  

d i f f e r s  f r o m  t h e  mechanism p r o p o s e d  by  Dessler a n d  J u d a y  (1964) 

who a r g u e  for a n  e n e r g i z i n g  o f  p a r t i c l e s  a t  t h e  m a g n e t o s p h e r e  

boundary .  

P i d d i n g t o n  (1960) a l s o  s u g g e s t e d  t h a t  t h e  e a r t h ' s  

m a g n e t i c  t a i l  is a re la ted mechanism f o r  t h e  f o r m a t i o n  Of 

t h e  e a r t h ' s  g e g e n s c h i e n  a s  Ljue t o  t h e  e l e c t r o n s  i n  t h e  t a i l .  

G i n d i l i s  and Kayag ina  (1964) h a v e  r e c e n t l y  r e v i e w e d  and 

r e v i s e d  ea r l i e r  work on t h e  o b s e r v a t i o n s  o f  t h e  g e g e n s c h e i n  
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a n d  removed a s u b s t a n t i a l  p o r t i o n  o f  t h e  s u p p o r t  f o r  s u c h  

a n  o r i g i n  by  showing  t h a t  t h e  o b s e r v e d  s p e c t r u m  is d u s t  

scattered aun l=g ;h t  - 
Van de H u l s t  (1956) s u g g e s t e d  t h a t  t h e  g e g e n s c h e i n  

o r i g i n  migh t  w e l l  a r i s e  i n  a g a s  t a i l  o f  t h e  e a r t h ,  a l t h o u g h  

l i t t l e  o b s e r v a t i o n a l  s u p p o r t  e x i s t e d  a t  t h e  t i m e .  

S h k l o v s k y  (1959) c o n s i d e r s  the  s o u r c e  o f  Lyman t o  p o s s i b l y  

o r i g i n a t e  i n  a g a s  t a i l  o f  the e a r t h  r a t h e r  t h a n  f rom a 

d i s t r i b u t i o n  of hydrogen  i n  i n t e r p l a n e t a r y  s p a c e .  Related 

a s p e c t s  o f  a gas t a i l  o f  t h e  E a r t h  h a v e  been  summarized 

b y  B r a n d t  (1961) a n d  estimates o f  t h e  g e o m e t r i c a l  d i m e n s i o n s  

h a v e  been  g i v e n  which  i n  g e n e r a l  are i n  a g r e e m e n t  w i t h  

t h e  IMP-1 measu remen t s  r e p o r t e d  f o r  t h e  E a r t h ' s  m a g n e t i c  t a i l .  

F u t u r e  s t u d i e s  on t h e  i n t i m a t e  r e l a t i o n s h i p  of t h e s e  

v a r i o u s  p a r t i c l e  a n d  v i s u a l  phenomenon t o  t h e  solar 

m a g n e t o s p h e r i c  e q u a t o r  a n d  o b s e r v a t i o n s  of t h e  n e u t r a l  

s h e e t  a n d  i ts  p r o p e r t i e s  b y  f u t u r e  s a t e l l i t e s  w i l l  be v e r y  

i m p o r t a n t  i n  c o n f i r m i n g  t h e s e  g e n e r a l  i n t r o d u c t o r y  remarks 

on t h e  s i g n i f i c a n c e  o f  t h e  E a r t h ' s  m a g n e t i c  t a i l  a n d  its 

s i m i l a r i t y  w i t h  c o m e t a r y  t a i l s .  
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5 .  Summary a n d  C o n c l u s i o n s  

The d e t a i l e d  measurements  o f  t h e  E a r t h ' s  m a g n e t i c  

f i e l d  on t h e  n i g h t t i m e  s i d e  o f  the E a r t h  by  t h e  IMP-1 

s a t e l l i t e  h a v e  r e v e a l e d  a s t r o n g  a n d  s t e a d y  m a g n e t i c  f i e l d  

of 10 t o  3(! gammas. The f i e l d  is d i r e c t e d  e i t h e r  away 

f r o m  t h e  s u n  or towards t h e  s u n  d e p e n d i n g  upon w h e t h e r  t h e  

s a t e l l i t e  i s  below or  above  a m a g n e t i c a l l y  n e u t r a l  s h e e t .  

The d i s c o v e r y  o f  t h e  n e u t r a l  s h e e t  is a n  i m p o r t a n t  a s p e c t  

i n  t h e  d e t e r m i n a t i o n  of t h e  e a r t h ' s  e n v i r o n m e n t  i n  s p a c e  

a n d  t h e  i n t e r a c t i o n  of t h e  s u p e r  A l f v e n i c  so l a r  p l a sma  w i t h  

t h e  e a r t h ' s  m a g n e t i c  f i e l d .  Many q u e s t i o n s  r e m a i n  w i t h  

r e g a r d  t o  t h e  f u l l  s i g n i f i c a n c e  of t h e  n e u t r a l  s h e e t  a n d  t h e  

magne t i c  t a i l  b u t  c o l l e c t i v e l y  t h e y  a p p e a r  t o  o f f e r  o b v i o u s  

p o s s i b i l i t i e s  f o r  e x p l a i n i n g  a number o f  t e r res t r ia l  phenomena 

which  have been s t u d . i e d  i n  t h e  p a s t  a n d  are known t o  be 

so la r  r e l a t e d .  The i n h e r e n t  i n s t a b i l i t y  of s u c h  a n e u t r a l  

s h e e t  h a s  been  s t u d i e d  i n  t h e  c o n t r o l l e d  f u s i o n  p rogram where  

s u c h  a magne t i c  f i e l d  t o p o l o g y  a n d  p l a s m a  is d e s c r i b e d  as  

a s h e e t  p i n c h  of  t y p e  B1 ( F u r t h ,  1 9 6 3 ) .  

The c h a r a c t e r i s t i c s  of an  e x t e n d e d  E a r t h ' s  m a g n e t i c  t a i l  

s u g g e s t  t h a t  t h e  i n t e r a c t i o n  of t h e  so l a r  p l a s m a  w i t h  t h e  

geomagne t i c  f i e l d  p o s s i b l y  may be compared  t o  a comet i n  

which t h e  E a r t h  c o r r e s p o n d s  t o  t h e  n u c l e u s .  The t r a p p e d  

p a r t i c l e s  s p i r a l i n g  a b o u t  l i n e s  of force c o n n e c t e d  t o  t h e  

E a r t h ' s  s u r f a c e  a n d  d r i f t i n g  i n  l o n g i t u d e  a r o u n d  t h e  E a r t h  
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p e r i o d i c a l l y ,  c o r r e s p o n d  t o  t h e  coma a n d  E a r t h ' s  

m a g n e t i c  t a i l  c o r r e s p o n d s  t o  t h e  c o m e t a r y  ta i l . ,  

(1957) a n d  Marochnik  (1961) have a l r e a d y  s u g g e s t e d  t h a t  t h e  

i m p a c t  o f  t h e  m a g n e t i z e d  s o l a r  p l a s m a  w i t h  a comet may 

p r o v i d e  s h o c k  wave mechanisms a n d  m a g n e t i c  f i e l d  t o p o l o g i e s  

which can e x p l a i n  t h e  t y p e  I c o m e t a r y  t a i l s  o b s e r v e d ,  I t  

is f u r t h e r  s u g g e s t e d  i n  t h i s  p a p e r  t h a t  a s t u d y  o f  t h e  r o l e  

o f  t h e  n e u t r a l  s u r f a c e  o r  s h e e t  i n  t h e  a c c e l e r a t i o n  of 

p a r t i c l e s  a n d  i n  t h e  c o n f i n e m e n t  of p l a s m a s  may f i n d  a 

p a r a l l e l  i n  t h e  s t u d y  o f  c o m e t a r y  t a i l s .  The s u p e r p o s i t i o n  

a n d  c a p t u r e  of t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  as  p r o p o s e d  

Al fvgn  

by  A l f v e n  (1957) may lead  t o  a c o m e t a r y  t a i l  w i t h  m u l t i p l e  

n e u t r a l  s h e e t s  s i n c e  t h e  d i r e c t i o n  of t h e  f i e l d  c h a n g e s  

p e r i o d i c a l l y  (Ness  a n d  W i l c o x ,  1964)  

A summary p r e s e n t a t i o n  of t h e  m a g n e t i c  f i e l d  t o p o l o g y  

w i t h i n  t h e  E a r t h ' s  m a g n e t i c  t a i l  p r o j e c t e d  i n  t h e  p l a n e  of 

t h e  e c l i p t i c  is shown i n  F i g u r e  13. The boundary  of t h e  

m a g n e t o s p h e r e  is r e p r e s e n t e d  by a h e a v y  s o l i d  l i n e  a l t h o u g h  

a s  i n d i c a t e d  by p r e v i o u s  m e a s u r e m e n t s  on IMP-1 ( N e s s  e t .  a l . ,  

1964)  a p p r e c i a b l e  m a g n e t i c  f i e l d  e n e r g y  a p p e a r s  t o  be c a p a b l e  

o f  b e i n g  t r a n s m i t t e d  across t h e  boundary .  A s  noted by S e r b u  

(1964)  t h e r e  is e x p e r i m e n t a l  e v i d e n c e  t h a t  t h e  boundary  is 

p e r m e a b l e  t o  l o w  e n e r g y  p a r t i c l e s  on t h e  b a s i s  o f  f l u x  

m e a s u e r m e n t s  ' 1 0 0 e v .  pe r fo rmed  on IMP-1. Near t h e  

s t a g n a t i o n  p o i n t ,  t h e  m a g n e t o s p h e r i c  boundary  is i d e n t i c a l  

t o  t h e  boundary  of i n t e n s e  h i g h e r  e n e r g y  t r a p p e d  p a r t i c l e  f l u x  
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(>  40 Kev) . Away f rom t h e  s u b s o l a r  p o i n t  t h e s e  t w o  

b o u n d a r i e s  g r a d u a l l y  s e p a r a t e  u n t i l  a t  t h e  0600-1800 

m e r i d i a n  p l a n e  t h e  d i f f e r e n c e  is 5 Re (Anderson e t .  a l . ,  

1 9 6 4 ) .  F i g u r e  13 a l s o  shows t h e  s h a p e  of t h e  c o l l i s i o n l e s s  

s h o c k  boundary  a s  o b s e r v e d  by  IMP-1 a n d  t h e  t races  o f  t h e  

4 7  o r b i t s  of the  s a t e l l i t e  f r o m  which  t h e  data h a v e  been  

o b t a i n e d  t o  y i e l d  t h e  i n d i c a t e d  r e s u l t s .  O r b i t  number 4 8  

w a s  n o t  comple t ed  b e f o r e  t h e  s a t e l l i t e  t r a n s m i s s i o n  

t e r m i n a t e d  a n d  h e n c e  h a s  n o t  been  i n c l u d e d  i n  t h e  g r a p h i c a l  

p r e s e n t a t i o n .  The i m p o r t a n t  f e a t u r e s  are t h e  t u r b u l e n t  

t r a n s i t i o n  r e g i o n  be tween t h e  m a g n e t o s p h e r e  boundary  a n d  

t h e  c o l l i s i o n l e s s  s h o c k ,  A c h a n g e  t o  a more organized 

f i e l d  c o n f i g u r a t i o n  c o m p a t i b l e  w i t h  c o m p r e s s i o n  of t h e  i n t e r -  

p l a n e t a r y  m a g n e t i c  f i e l d  l i n e s  w i t h i n  t h e  t r a n s i t i o n  r e g i o n  

a s  t h e  s o l a r  p l a sma  r e s u m e s  s u p e r s o n i c  f l o w  f a r  f r o m  t h e  

s t a g n a t i o n  p o i n t  is  i n d i c a t e d .  

A s c h e m a t i c  summary of t h e  noon m i d n i g h t  m e r i d i a n  p l a n e  

magnet ic  f i e l d  t o p o l o g y  a n d  n e u t r a l  s h e e t  l o c a t i o n  is shown 

i n  F i g u r e  1 4 ,  The m a g n e t o s p h e r e  is shown c o m p r e s s e d  on t h e  

s u n l i t  s ide o f  t h e  E a r t h  a n d  t e r m i n a t e d  a t  a p p r o x i m a t e l y  10 Re 

by  t h e  impact  o f  t h e  solar  wind .  The t h i c k n e s s  of t h e  r e g i o n  

o f  t u r b u l e n c e ,  bounded by t h e  c o l l i s i o n l e s s  s h o c k  wave, is 

o b s e r v e d  t o  be a p p r o x i m a t e l y  3 . 4  Re a n d  t h e  s h a p e  of t he  

t w o  s u r f a c e s  is s u c h  t h a t  r e p r e s e n t i n g  t h e  m a g n e t o s p h e r e  as  

a s p h e r e  of r a d i u s  13.9 Re y i e l d s  a d e t a c h m e n t  r a t i o  which 
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is comparab le  t o  t h a t  f o r  a s p h e r e  i n  h y p e r s o n i c  f l o w  

a t  t h e  c o r r e s p o n d i n g  Mach number. On t h e  n i g h t t i m e  

s ide  of t h e  E a r t h  t h e  geomagne t i c  f i e l d  is shown 

t o  be d r a g g e d  o u t  f rom t h e  p o l a r  c a p  r e g i o n s  a n d  t o  be 

e x t e n d e d  b e h i n d  t h e  E a r t h  t o  l i m i t s  as y e t  unmeasured .  

I t  is c lear  t h a t  t e r m i n a t i o n  o f  t h e  E a r t h ' s  m a g n e t i c  

f i e l d  does n o t  o c c u r  w i t h i n  t h e  l u n a r  o r b i t a l  d i s t a n c e .  

Dessler ( 1 9 6 4 ) ,  o n  t h e  bas i s  of b a l a n c e  o f  m a g n e t i c  p r e s s u r e  

i n t e r i o r  t o  t h e  m a g n e t o s p h e r i c  t a i l  w i t h  t h a t  o f  t h e  

i n t e r p l a n e t a r y  p r e s s u r e  p r e d i c t s  t a i l s  l e n g t h s  of 20 t o  

50 A . U .  A l though  l e n g t h s  of t h i s  e x t r e m e  m a g n i t u d e  are 

h i g h l y  s p e c u l a t i v e ,  i t  is n o t  i n c o r r e c t  t o  c o n s i d e r  t h e  

E a r t h ' s m a g n e t i c  f i e l d  as being l o n g  r e l a t i v e  t o  t h e  E a r t h -  

Moon d i s t a n c e  ( =2.5 x A . U . ) .  How f a r  i t  e x t e n d s  i n t o  

i n t e r p l a n e t a r y  s p a c e  is c e r t a i n l y  l i m i t e d  t o  t h e  d i s t a n c e  

a t  which t h e  so la r  wind t e r m i n a t e s  a n d  t u  w h e t h e r  o r  n o t  t h e  

E a r t h ' s  m a g n e t i c  t a i l  is a n  exact  p a r a l l e l  of a c o m e t a r y  t a i l ,  

The m a g n e t i c  f i e l d  t o p o l o g y  as shown i n  F i g u r e  1 4  

i n d i c a t e s  a p r o m i n e n t  d a y  n i g h t  asymmetry b o t h  i n  t h e  

d i s t r i b u t i o n  of a u r o r a l  zone  phenomenon and  i n  t h e  t r a p p e d  

p a r t i c l e  t ra jec tor ies .  Such d a y - n i g h t  a s y m m e t r i e s  h a v e  

a l r e a d y  been  o b s e r v e d  by O 'Br i en  (1963), M c D i a r m i d  a n d  

Burrows (1963), F r a n k  e t .  a l . ,  ( 1 9 6 4 ) ,  Freeman (1964) a n d  

o t h e r s .  The e x a c t  r e l a t i o n s h i p  o f  t h e  m a g n e t o s p h e r e  a n d  



and  i t s  boundary  near t h e  n o r t h e r n  a n d  s o u t h e r n  p o l a r  

r e g i o n s  is unknown and  p r e s e n t l y  u n p r o b e d .  A l t h o u g h  t h e  

i l l u s t r a t i o n  i n  F i g u r e  14 i n d i c a t e s  a d e p r e s s i o n  o f  t h e  

b o u n d a r y  a s soc ia t ed  w i t h  t h e  t w o  n e u t r a l  p o i n t s  i n  t h e  

p o l a r  r e g i o n s  i ts  l o c a t i o n  i s . n o t  known. F o l l o w i n g  t h e  

g e n e r a l  d i s c u s s i o n  o u t l i n e d  by P i d d i n g t o n  (1960) i t  may 

be p o s s i b l e  t o  d e v e l o p  a g e o m a g n e t i c  s t o r m  t h e o r y  i n v o k i n g  

t h e  m a g n e t i c  t a i l  o f  t h e  e a r t h ,  t h e  n e u t r a l  s h e e t  a n d  

t h e i r  c h a n g e s  as  a n  e x p l a n a t i o n  of t h e  main p h a s e  o f  

geomagne t i c  storms. 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  Biermann (1951) s t u d y i n g  

t y p e  I cometa ry  t a i l  o b s e r v a t i o n s  p r e d i c t e d  a so la r  

c o r p u s c u l a r  f l u x  which t o d a y  is now a w e l l  a c c e p t e d  f e a t u r e  

of t h e  i n t e r p l a n e t a r y  medium : t h e  so l a r  wind  (Parker ,  1963) 

I t  is r e a s o n a b l e  t o  e x p e c t  t h a t  b y  d e t a i l e d  measuremen t s  of 

t h e  E a r t h ' s  m a g n e t i c  t a i l  w i t h  s a t e l l i t e s  t h e  s t u d y  of 

c o m e t a r y  t a i l s  c a n  be f u r t h e r  a d v a n c e d .  The a r g u m e n t  a t  

p r e s e n t  is t h a t  t h e  t w o  t a i l  s t r u c t u r e s  are similar p h y s i c a l  

phenomena r e s u l t i n g  f r o m  t h e  i n t e r a c t i o n  of t h e  so la r  wind  

w i t h  t w o  d i f f e r e n t  t y p e s  of c e l e s t i a l  o b j e c t s .  The major 

d i f f e r e n c e  be tween t h e  e a r t h  a n d  a comet is p r o b a b l y  t h e  

i n h e r e n t  i n t e r n a l  m a g n e t i c  f i e l d  of the  E a r t h  a n d  t h e  a b s e n c e  

o f  a s i m i l a r  m a g n e t i c  f i e l d  of a comet. The coma r e s u l t s  

f r o m  e v a p o r a t i o n  of mater ia ls  f r o m  t h e  su r f ace  of t h e  comet 

w h e r e a s  t h e  r a d i a t i o n  be l t s  r e s u l t  f r o m  t h e  e n t r a p m e n t  of 
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c h a r g e d  p a r t i c l e s  i n  the d i p o l a r  m a g n e t i c  f i e l d  t o p o l o g y .  

C e r t a i n l y  t h e s e  new c o n c e p t s  b r i n g  f r e s h  i n s i g h t  i n t o  t h e  

s t u d y  of p h y s i c a l  p r o c e s s e s  i m p o r t a n t  b o t h  i n  comets a n d  t h e  

E a r t h ' s  s p a c e  e n v i r o n m e n t .  

I n  t h e  case o f  t h e  E a r t h  t h e  i n h e r e n t  d i p o l a r  m a g n e t i c  

f i e l d  leads t o  t h e  deve lopmen t  of the m a g n e t o s p h e r e  w h i l e  

i n  t h e  case o f  comets o f  t y p e  I, e v a p o r a t i o n  o f  t h e  n u c l e u s  

f o r m s  t h e  i o n i z e d  coma which c a p t u r e s  t h e  i n t e r p l a n e t a r y  

m a g n e t i c  f i e l d .  A t  t h e  p r e s e n t  t i m e  n e i t h e r  mechanism f i n d s  

a n  o b v i o u s  p a r a l l e l  i n  t h e  case of t h e  Moon. T h u s  a l t h o u g h  

a lee wake of t h e  Moon w i l l  d e v e l o p  i n  t h e  f l o w  of solar  

p l a s m a ,  a l u n a r  m a g n e t i c  t a i l  does n o t  a p p e a r  t o  be 

p e r m a n e n t  f e a t u r e  of t h e  Moon. The e x p e r i m e n t a l  data on 

t h e  e x i s t e n c e  o f  a magnetohydrodynamic wake of t h e  

Moon h a s  been  d i s c u s s e d  r e c e n t l y  f rom IMP-1 

o b s e r v a t i o n s  by  N e s s  (1965) .  I t  is now c lear  t h a t  

t h e  Moon a l w a y s  c r o s s e s  t h e  E a r t h ' s  m a g n e t i c  t a i l  

a n d  h e n c e  l u n a r  re la ted  phenomena i n  t h e  m a g n e t o s p h e r e  a n d  

on t h e  terrestr ia l  s u r f a c e  c a n  be e x p e c t e d  on  t h i s  basis 

r a t h e r  t h a n  on a n y  p o s s i b l e  t a i l  of t h e  Moon i n t e r a c t i o n  

w i t h  t h e  E a r t h .  O t h e r  p l a n e t a r y  objects  may create wakes i n  

the  solar  p la sma  f l o w  b u t  w i l l  p r o b a b l y  n o t  p o s s e s s  m a g n e t i c  

t a i l s .  T h i s  is c e r t a i n l y  t r u e  fo r  Mercury  a n d  Venus ,  Mars 

may h a v e  and J u p i t e r  i n  a l l  p r o b a b i l i t y  does p o s s e s s  a 

s i g n i f i c a n t  m a g n e t i c  t a i l  b e c a u s e  o f  i ts  m a g n e t i c  f i e l d .  
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L i s t  of F i g u r e s  

F i g u r e  1. Summary of t h e  l o c a t i o n  o f  r e c t i f i e d s h o c k ,  wave 

a n d  magnetopause  t r a v e r s a l s  o b t a i n e d  from t h e  

IMP-1 s a t e l l i t e  d u r i n g  t h e  t i m e  i n t e r v a l  November 

27,  1 9 6 3  t o  May 30, 1 9 6 4 .  The s o l i d  l i n e s  

r e p r e s e n t  m o d i f i e d  b o u n d a r i e s  o f  S p r e i t e r  a n d  

J o n e s  (1963)  u s i n g  a n  a n a l o g y  w i t h  s u p e r s o n i c  

g a s d y n a m i c s  f o r  t h e  i m p a c t  of t h e  so la r  wind 

on t h e  E a r t h ' s  magnetic f i e l d .  

F i g u r e  2 .  M a g n e t i c  f i e l d  d a t a  from o u t b o u n d  o r b i t  #41 ,  

A p r i l  30 t h r o u g h  May 2 ,  1964, i l l u s t r a t i n g  t h e  

m a g n e t i c  t a i l  of  t h e  E a r t h  i n  t h e  a n t i - s o l a r  

d i r e c t i o n .  The apogee  of t h i s  o r b i t  o c c u r s  a t  

a g e o c e n t r i c  d i s tance  of 3 1 . 4  Re a n d  a t  a Sun- 

E a r t h  p r o b e  a n g l e  of  1 8 1 O .  

f i e l d  r e m a i n s  w e l l  above  10 gammas a n d  a l w a y s  

p o i n t s  away f rom t h e  s u n .  

Note t h a t  t h e  m a g n e t i c  

F i g u r e  3. M a g n e t i c  f i e l d  data from inbound  o r b i t  #41, May 

2 t h r o u g h  May 4 ,  1964.  Throughou t  m o s t  o f  t h i s  

t i m e  i n t e r v a l  t h e  m a g n e t i c  f i e l d  is p o i n t e d  a n t i -  

solar  a l t h o u g h  a t  a g e o c e n t r i c  d i s t a n c e  o f  16  Re 

t h e  m a g n e t i c  f i e l d  a b r u p t l y  r e v e r s e s  d i r e c t i o n  a t  

t h e  same t i m e  t h a t  i t  becomes v e r y  weak or zero. 

T h i s  s p a t i a l l y  l imi t ed  r e g i o n  is i d e n t i f i e d  a s  a 

n e u t r a l  s h e e t  i n  t h e  E a r t h ' s  m a g n e t i c  t a i l .  
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Figure 4 .  Pro jec t ion  of Xse-Yse component of magnetic f i e l d  

a s  measured by IMP-1 onto e c l i p t i c  plane when 

s a t e l l i t e  is below Zse = -2.5 Re and w i t h i n  t he  

magnetosphere and t a i l  region.  Crosses ind ica t e  

t r a v e r s a l  of magnetospheric boandary; c i r c l e s  

i nd ica t e  o r b i t  numbers (See t e x t )  

Pro jec t ion  of Xs&-Yse component of magnetic f i e l d  

a s  measured by IMP-1 onto e c l i p t i c  plane when 

s a t e l l i t e  is above Z s e = - 2 . 5  Re and w i t h i n  t h e  

magnetosphere and t a i l  region.  Crosses ind ica t e  

t r a v e r s a l  of magnetospheric boundary; c i r c l e s  

i nd ica t e  o r b i t  numbers (See t e x t )  

Figure 5 .  

Figure 6.  Theore t ica l  p red ic t ion  of f i e l d  s t r e n g t h  i n  

e a r t h ' s  magnetic t a i l  assuming connection of po lar  

cap f l u x  i n t o  t a i l .  The t a i l  is taken t o  be a 

cy l inder  of r ad ius  RT 

the  polar  cap region is indica ted  by 8 .(See 

t ex t )  

and the c o l a t i t u d e  of 

F i g u r e  7. I l l u s t r a t i o n  of t h e  precession - and nuta t ion  of 

t h e  geomagnetic d ipole  a x i s  of t h e  Ear th  i n  

s o l a r  e c l i p t i c  coordinates  lead ing  t o  a da i ly  

"wobble" of the a x i s  r e l a t i v e  t o  t h e  Earth-Sun 

l i n e .  

Figure 8. Def in i t ion  of t h e  s o l a r  magnetospheric coordinate  

system u t i l i z e d  i n  t h e  i n t e r p r e t a t i o n  of t h e  

neu t r a l  shee t  o r i e n t a t i o n  i n  t h e  E a r t h ' s  magnetic 
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t a i l .  

t h e  Sun a n d  t h e  o r t h o g o n a l  Y -ax is  is  p e r p e n d i c u l a r  

t o  t h e  E a r t h ' s  magne t i c  ax i s .  (See  t e x t )  

The Xsm-axis p o i n t s  f r o m  t h e  E a r t h  t o  

s m  

F i g u r e  9 .  R e l a t i v e  p o s i t i o n  o f  t h e  n e u t r a l  s h e e t  as  o b s e r v e d  

on 14 t r a v e r s a l s  by  t h e  IMP-1 s a t e l l i t e  d u r i n g  

o r b i t s  31 t h r o u g h  47. The so l a r  e c l i p t i c  

l a t i t u d e  o f  t h e  s u b s a t e l l i t e  p o i n t  a t  t h e  t i m e  

o f  c r o s s i n g  is p l o t t e d  as a f u n c t i o n  o f  t h e  

g e o m a g n e t i c  l a t i t u d e  o f  t h e  s u b s o l a r  p o i n t .  

F i g u r e  10. Re la t ive  p o s i t i o n  of t h e  n e u t r a l  s h e e t  as  o b s e r v e d  

o n  1 4  t r a v e r s a l s  by  t h e  IMP-1 s a t e l l i t e  d u r i n g  

o r b i t s  31 t h r o u g h  47. The g e o m a g n e t i c  l a t i t u d e  

of c r o s s i n g  is p l o t t e d  as a f u n c t i o n  of t h e  

g e o m a g n e t i c  l a t i t u d e  o f  t h e  s u b s o l a r  p o i n t .  

F i g u r e  11. R e l a t i v e  p o s i t i o n  of t h e  n e u t r a l  s h e e t  as o b s e r v e d  

o n  1 4  t r a v e r s a l s  by  t h e  IMP-1 s a t e l l i t e  d u r i n g  

o r b i t s  31 t h r o u g h  47. The so l a r  m a g n e t o s p h e r i c  

l a t i t u d e  of  t h e  s u b s a t e l l i t e  p o i n t  a t  t h e  t i m e  

of C r o s s i n g  is  p l o t t e d  as  a f u n c t i o n  of t h e  

g e o m a g n e t i c  l a t i t u d e  o f  t h e  s u b s o l a r  p o i n t .  

F i g u r e  1 2 .  Compos i t e  o f  e l e c t r o n  f l u x  measu remen t s  o b s e r v e d  

on t h e  n i g h t t i m e  s i d e  o f  t h e  e a r t h  s u g g e s t e d  a s  

o b t a i n e d  w h i l e  w i t h i n  t h e  n e u t r a l  s h e e t .  S u p e r -  

imposed are t h e  m a g n e t i c  f i e l d  s t r e n g t h s  c o n s i s t e n t  

w i t h  a s i m p l i f i e d  model o f  t h e  n e u t r a l  s h e e t  as  a 
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s t a b l e  ' ? s h e e t  p inch"  p l a sma  s e p a r a t i n g  

o p p o s i t e l y  d i r ec t ed  m a g n e t i c  f i e l d s  of s p e c i f i e d  

s t r e n g t h .  

F i g u r e  13. I l l u s t r a t i o n  of t h e  i n t e r p r e t a t i o n  of t h e  IMP-1 

m a g n e t i c  f i e l d  d a t a ,  t h e  f i e l d  t o p o l o g y  w i t h i n  

t h e  m a g n e t o s p h e r e  a n d  t h e  i n t e r a c t i o n  of t h e  

so la r  wind  w i t h  the  g e o m a g n e t i c  f i e l d .  The m a g n e t i c  

f i e l d  t o p o l o g y  is shown pro jec ted  on  t h e  e c l i p t i c  

p l a n e  a n d  r e p r e s e n t s  f i e l d  l i n e s  f r o m  t h e  s o u t h e r n  

p o l a r  c a p  r e g i o n  e x t e n d i n g  o u t  t o  f o r m  t h e  m a g n e t i c  

t a i l  of t h e  E a r t h ,  The d i s t a n c e s  t o  the t w o  

b o u n d a r i e s  a t  t h e  s t a g n a t i o n  p o i n t  a re  1 0 . 2 5  Re 

a n d  1 3 . 4  Re r e s p e c t i v e l y .  

F i g u r e  1 4 .  I l l u s t r a t i o n  of t h e  i n t e r p r e t a t i o n  of t he  IMP-1 

m a g n e t i c  f i e l d  data  f i e l d  t o p o l o g y  w i t h i n  t h e  

m a g n e t o s p h e r e  i n  t h e  noon-midn i t e  m e r i d i a n  p l a n e .  

The r e l a t i v e  p o s i t i o n  of t h e  n e u t r a l  s u r f a c e  or 

s h e e t  i n  t h e  E a r t h ' s  m a g n e t i c  t a i l  a n d  t h e  co- 

r o t a t i n g  m a g n e t i c  f i e l d  l i n e s  s u p p o r t i n g  t r a p p e d  

p a r t i c l e  mot ion  are i n d i c a t e d .  T h e s e  i n c l u d e  t h e  

c l a s s i ca l  Van A l l e n  r a d i a t i o n  b e l t s .  The c o l l i s i o n -  

l e s s  s h o c k  a n d  m a g n e t o s p h e r e  b o u n d a r i e s  are e x t r a p o -  

l a t e d  t o  t h e  p o l a r  r e g i o n s  i n d i c a t i n g  a d e p r e s s i o n  

b u t  t h e  r e l a t i v e  p o s i t i o n  of a p o l a r  n e u t r a l  p o i n t  

a n d  t h e  s i ze  of t h e  b o u n d a r y  are n o t  e x p e r i m e n t a l l y  
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d e t e r m i n e d .  C y l i n d r i c a l  symmetry a b o u t  the 

E a r t h  Sun l i n e  h a s  been assumed fo r  t h e  

b o u n d a r y  of t h e  E a r t h  m a g n e t i c  t a i l  i n  t h i s  

p r e s e n t a t i o n .  
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